ABSTRACT: Monthly composite data from the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite sensor was used to reconstruct vegetation dynamics in response to climate patterns over the period 2001-05 for North America. Results imply that plant growth over extensive land areas were closely coupled to El Niño-Southern Oscillation (ENSO) effects on regional climate. Areas strongly tied to recent (2002-03) ENSO climate effects were located mainly in northwestern Canada, interior Alaska, the northern Rocky Mountains of the United States, and throughout northern Mexico. Localized variations in precipitation were detected as the predominant controllers of
Introduction
Terrestrial vegetation cover plays a key role in global energy, carbon, hydrological, and biogeochemical cycling. Connections of land-cover dynamics to regional temperature and precipitation patterns can be influenced by climate change on regional to global scales (Feddema et al. 2005) . There is a pressing need to document and interpret changes in vegetation cover worldwide, particularly in relation to changes in near-surface climate variables such as air temperature and precipitation (Buermann et al. 2003) .
The influence of ocean surface patterns, such as those associated with the El Niño-Southern Oscillation (ENSO), have been noted as significant periodic influences on land surface climate (Glantz et al. 1991) . ENSO warming at the sea surface, which is driven by changes in winds and ocean-atmosphere heat exchange, typically extends to about 30°N and 30°S latitude, with lags into continental land areas of several months (Trenberth and Caron 2000) . Previous studies have identified global connections of interannual sea surface temperature (SST) to land surface processes Dai et al. 1998; Potter et al. 2003a; Potter et al. 2003b ). However, persistent large-scale teleconnections between multiple climate indices and terrestrial vegetation dynamics have yet to be fully documented, and may escape ready detection without the aid of spatial-temporal analysis tools designed specifically to uncover such associations, both weak and strong, between time series of SST anomalies and spatially explicit estimates of ecosystem processes on the land.
The main purpose of this study is to make an assessment of the terrestrial vegetation regions in North America that have been most strongly influenced by global ocean-atmosphere processes affecting localized land climate. The latest generation of the National Aeronautics and Space Administration's (NASA's) Earth-observing satellites is providing unprecedented records of change in terrestrial vegetation cover on a global scale. Remote sensing is a unique method for repetitive and relatively low-cost global monitoring of the land surface (Zhang et al. 2003) . Recently launched instruments such as the Moderate Resolution Imaging Spectroradiometer (MODIS) deliver a set of measurements for estimates of vegetation canopy parameters for use in modeling of energy balance, biogeochemistry, and hydrology, as well as multiyear studies of land-cover change.
Methods and datasets
MODIS is an instrument on board NASA's Terra and Aqua platforms for remote sensing of the Earth's atmosphere, oceans, and land surface. The Terra platform was launched on 18 December 1999, and the Aqua platform was launched on 4 May 2002. The MODIS instrument has a swath width of 2330 km, an orbit height of 705 km, and produces global coverage every one or two days. MODIS measures reflected solar and emitted thermal radiation in 36 spectral bands and at three different spatial resolutions (250 m, 500 m, and 1 km).
In this study, we have used MODIS collection 4, which represents the latest available version of MODIS products and contains the entire time series of data from February 2000 to 2005. At 4-km spatial resolution, the land area constitutes about 42.5 million pixels, of which 32 million are vegetated. The main MODIS fraction absorbed of photosynthetically active radiation (FPAR) algorithm performs retrievals from daily surface reflectance data based on radiative transfer algorithms (Knyazikhin et al. 1998) . Currently, the red (648 nm) and near-infrared (858 nm) bands are utilized because of high uncertainties in the other MODIS bands (Wang et al. 2001) . The latest MODIS product quality documentation listed MOD15A2 for FPAR as "inferred passed" with evaluations ongoing.
An important input to the main FPAR algorithm is the MODIS global biome classification map, in which vegetation types are stratified into six canopy architectural types: 1) grasses and cereal crops, 2) shrubs, 3) broadleaf crops, 4) savannas, 5) broadleaf forests, and 6) needleleaf forests. These biomes span variations along horizontal (dense versus sparse vegetation cover) and vertical (singlestory versus multistory vegetation structure) dimensions, canopy height, leaf type, and soil brightness. This MODIS land-cover product uses a supervised classification approach in which training sites are provided to a decision tree classifier. The classifier then generates a decision tree that is exercised on the global data field, thus making a global map (Friedl et al. 2002) .
The FPAR by vegetation canopies worldwide has been computed from MODIS data at a monthly time with a spatial resolution of 4 km (Myneni et al. 1997; Myneni et al. 2001) . FPAR is a common measure of canopy "greenness" in that it measures the proportion of available radiation in the photosynthetically active wavelengths (400-700 nm) that a vegetation canopy absorbs (Knyazikhin et al. 1998; Zhang et al. 2003) . FPAR derivations from satellite image data have been thoroughly documented by NASA investigators for nearly 10 yr in theoretical basis documents readily available on the Internet (http://modis.gsfc.nasa.gov/data/ atbd/). FPAR and leaf area index (LAI) were developed to be the leading MODIS land surface variables and the biophysically meaningful versions of the normalized difference vegetation index (NDVI; Sellers et al. 1997; Yang et al. 2006) . Nonetheless, like NDVI, higher FPAR levels observed over the course of a seasonal plant growing cycle indicate denser green leaf cover and a higher capacity to fix carbon via photosynthesis, assuming that the climate conditions are favorable. Comparatively lower FPAR levels can also indicate more disturbance of the vegetation cover, and/or a shorter the time period since the last major disturbance (Potter et al. 2005) .
The processing of MODIS channel data into FPAR involves cloud screening and calibration for sensor degradation and intersensor variations. Residual atmospheric effects are minimized by analyzing only the maximum greenness value within each monthly interval. These data generally correspond to observations from near-nadir viewing directions and clear atmospheric conditions. MODIS radiative transfer algorithms account for attenuation of direct and diffuse incident radiation by solving a three-dimensional formulation of the radiative transfer process in vegetation canopies.
Land surface climate datasets used in this study were obtained from the National Oceanic and Atmospheric Administration (NOAA)-National Centers for Environmental Prediction (NCEP) reanalysis products (Kistler et al. 2001) . The surface temperature and pressure indices used in our analyses were obtained from the NOAA-NCEP Climate Prediction Center (Higgins et al. 2001 ).
Results of MODIS FPAR correlations

MODIS FPAR and ENSO climate events
For comparisons of MODIS FPAR variations to climate indices, serial correlation (i.e., autocorrelation) should be considered when testing the significance of the association between the two time series. Geophysical time series are frequently autocorrelated because of inertia or carryover processes in the physical system. The effect of autocorrelation on cross correlations can be dealt with in various ways (Pyper and Peterman 1998) . First, the number of degrees of freedom (DOF) can be reduced. This has the effect of increasing the threshold value at which a correlation is considered statistically significant. A second method is to attempt to remove the autocorrelation, thereby reducing the cross correlation in the event of autocorrelation (Katz 1988 ). This second method may be preferable in cases where the value of the correlation is of prime interest and, secondarily, whether the correlation is significant at some level. However, methods to remove autocorrelation (e.g., prewhitening) can also remove the low-frequency correlation that constitutes the main topic of interest in this study. Therefore, we have chosen the first way of reducing DOF to a level that treats these cross correlations as if the data showed insignificant autocorrelation starting at six-month time intervals rather than at monthly intervals (Trenberth and Caron 2000; Potter et al. 2003a) .
It is a conservative determination for climate index correlations with FPAR time series to set the DOF ‫ס‬ 10 (12 "seasons" of six months duration in a 6-yr MODIS window, minus two for two-tailed tests of significance). For the purposes of demonstrating a significant association with measured climate index values at DOF ‫ס‬ 10, Pearson's correlation coefficient r > 0.58 carries a confidence level of p < 0.05, whereas r > 0.5 carries a confidence level of p < 0.10.
Spatially aggregated time series plots show that MODIS vegetation FPAR over North America was observed to be lower than average in northern biomes for the first half of the 2001-05 time series and then increased to be higher than average for the second half of the period (Figure 1 ). We find evidence from time series correlations that MODIS FPAR patterns in North America were related to recent shifts in climate associated with tropical Pacific SSTs. The strongest correlations (r > 0.5) between mean FPAR variations over terrestrial biomes and ENSO indices were with the Niño-3.4 index (Figure 1a) . FPAR variations in land areas most strongly tied to recent Niño-3.4 climate variations were in northwestern Canada, interior Alaska, the northern Rocky Mountains of the United States, and throughout northern Mexico (Figure 2) .
A moderately strong El Niño event was well documented in 2002/03 by the Niño-3.4 SST index, which followed a more La Niña-like period from 1998 to 2001 (Lagerloef et al. 2003) . The Niño-3.4 anomalies (which cover SST over the ues that were shifted forward in the time series by 6-14 months (relative to the Niño-3.4 index), meaning that the FPAR response notably lags behind the SSTclimate index variations. In the northern latitudes, vegetation FPAR anomalies levels were below average in the 2-yr period leading up to late 2002 when Niño-3.4 anomalies peaked. The extended lag times of more than 10 months that we have detected in most biome FPAR-Niño-3.4 correlation results cannot be dismissed as an artifact, since the estimated cross correlation exhibited a distinct peak at these lags. This suggests that one time series is related to the other when delayed by such lags (Chatfield 1996) . If, instead, we observed broad peaks in the cross correlation, we would suspect that the shift at that lag was spurious. By way of an ecological explanation, we hypothesize that up to two consecutive years of favorable northern climate were required to recover FPAR values after unfavorable years of the late 1990s to early 2000, and vice versa for the southern biomes.
To further evaluate the statistical significance of the "best shifted" correlations that we obtained between MODIS FPAR time series for each location on the globe and the Niño-3.4 index, randomization tests were conducted. We randomly reshuffled 1-yr segments of the FPAR global time series and then repeated the biome correlation analysis described above. This type of randomization test approach was intended to preserve (within any given year) as many regional-or biome-level attributes of the time series as possible (such as overall mean and standard deviation; maximum and minimum seasonal FPAR values), while randomly reordering the monthly vegetation responses in relation to seasonal climate. The FPAR randomization test was repeated 5 times and used to obtain percentiles for the distribution of correlations between the Niño-3.4 index and randomized FPAR time series. We considered any actual FPAR time series to be significantly correlated to the Niño-3.4 index only if the original r correlation value was above the 97.5th percentile or below the 2.5th percentile of the resulting distribution from the randomization tests. Results showed that the threshold r values for randomized tests were consistently lower than the actual biome FPAR to Niño-3.4 index correlation r values that carried a confidence level of at least p < 0.10. We conclude therefore that actual MODIS FPAR time series correlations with the Niño-3.4 index were not spuriously high.
MODIS FPAR and land surface climate
Land surface climate records were used to further understand the localized controls on seasonal FPAR patterns from the MODIS record. Monthly mean data for land surface precipitation (PREC) rates and air temperature (TEMP) over the years 2001-05 were obtained from NOAA-NCEP reanalysis products (Kistler et al. 2001) . The MODIS FPAR value from each 4-km land grid location was assigned to the overlapping 2.5°resolution NCEP grid cell area. Correlations were then computed for each 4-km FPAR time series against the corresponding 2.5°N CEP land climate record. MODIS FPAR anomalies were most closely correlated with NCEP reanalysis monthly PREC variations in western Canada and in the northern Rocky Mountains of the United States (Figure 3a) . Strong positive correlations (r > 0.5) between FPAR and PREC variations in western Canada were centered across the northern areas of British Columbia and Alberta. Similarly strong correlations between FPAR and PREC variations in the United States were detected just south of the Greater Yellowstone area of western Wyoming, across the state into western Nebraska, as well as over eastern portions of the states of Oregon and Washington.
We note that the appearance of weak negative correlations between PREC and FPAR monthly anomalies in Figure 3a is difficult to explain in areas where rainfall is often limited to seasonal vegetation growth, such as in the state of New Mexico. One explanation is that, despite marginally higher PREC in these areas during seasonal transition periods, coinciding TEMP levels limited FPAR increases until later in the year. This TEMP cooling effect could be detected with a maximum shift period of three months for correlations between PREC and FPAR monthly anomalies.
Climate correlation results further suggest that MODIS FPAR anomalies were most closely (and positively) associated with NCEP surface TEMP variations in northern and western Canada extending into interior Alaska, from northern Mexico across into western Texas, in central Missouri, and in the southern Appalachian areas of Virginia (Figure 3b) . 
Discussion of potential linkages to atmospheric CO 2 variations
This will be among the first published studies to document variations in the MODIS land-cover time series for vegetation greenness cover (FPAR) over all of North America in relation to climate variations. As such, it represents an important new approach in the use of MODIS time series data to pinpoint areas of greenness cover change, which can then be further verified and documented with highresolution satellite images currently available in online commercial viewing tools (Potter et al. 2007a) .
Characteristics of the land cover observed in MODIS FPAR can have notable impacts on local climate, radiation balance, biogeochemistry, hydrology, and the diversity and abundance of terrestrial species (Randerson et al. 2006) . Consequently, understanding trends in land cover at regional scales is a requirement for making useful predictions about other global changes. For instance, in theory, when FPAR increases noticeably over large regions of the land surface, localized CO 2 concentrations in the atmosphere should decrease. This is because, during extended periods of several months when FPAR is highest, there should be a higher-than-normal drawdown of atmospheric CO 2 on land owing to more vigorous growth of terrestrial vegetation. Atmospheric CO 2 concentrations should decline to levels below their long-term seasonal normal at about the same time that FPAR increases above its long-term mean value over large areas of the land surface. Conversely, when FPAR decreases abruptly over large regions, localized atmospheric CO 2 concentrations should increase, as a portion of the pool of terrestrial biomass carbon is lost to the atmosphere in some disturbance-like event, such as wildfire or severe drought (Knorr et al. 2005) . Since plants and soils hold more than twice the amount of carbon present in the atmosphere on a global basis (Geider et al. 2001) , even relatively small disturbance events can release notable amounts of CO 2 to the atmosphere.
If instead CO 2 concentration anomalies increase as FPAR increases over large areas of the land surface, then this may imply that variations in FPAR greenness cover have been influenced by climate factors that even more strongly and simultaneously control the emissions of CO 2 from microbial respiration of dead plant material and soil carbon, and possibly the frequency of wildfires in nearby areas of the region. In such situations, vegetation may become slightly greener than long-term averages for several months in the Northern Hemisphere springtime, followed by a dry warmer-than-average summertime that fosters biomass burning CO 2 emission later that same year.
MODIS satellite records of FPAR variations with climate (Figures 2 and 3 ) point to several large areas of North America regularly impacted by historical wildfire events or periodically subjected to drought impacts (Potter et al. 2003a; Potter et al. 2003b) . As documented in our previous studies of satellite imagery over the period 1982-2000 (Potter et al. 2005) , forested areas of the northern Rocky Mountains of the United States and northern boreal areas of western Canada are the two most prominent examples of these precipitation-wildfire controlled ecosystems.
These CO 2 flux relationships were investigated in a recent carbon modeling study using the same MODIS data analysis presented the results above to drive the NASA-Carnegie Ames Stanford Approach (CASA) model (Potter et al. 2007b) . We have reported that regional climate patterns over the conterminous United States were reflected in the predicted annual CO 2 fluxes from terrestrial ecosystems. Results support patterns of extensive carbon sinks in ecosystems of the southern and eastern U.S. regions in 2003-04, while major carbon source fluxes (annual losses to the atmosphere) were estimated from ecosystems in the Rocky Mountain and Pacific Northwest regions.
We further noted (Potter et al. 2007b ) that precipitation in the conterminous United States in 2002 was characterized by extreme dryness in the western and central United States, generally above-average wetness in the southern Mississippi Valley region and dryness giving way to near-average conditions for the eastern regions. Colorado had its driest year on record during 2002 and Nebraska, Wyoming, and Nevada their third driest year. Consequently, the NASA-CASA carbon cycle model predicted that 2002 stood out from the other years 2000-04 with relatively large carbon source fluxes in ecosystems of the northeastern and northcentral regions of the coterminous United States, as well as in parts of the Rocky Mountains and southern U.S. regions. Particularly for these western mountain regions, the patterns seen in Figure 3a even more clearly reveal these same linkages of precipitation rates to FPAR variations. In summary, a new level of geographic detail is added by the MODIS greenness records to studies of large-scale climate connections to biosphere-atmosphere interactions on seasonal to decadal cycles. By extending this satellite historical dataset, individual municipalities and surrounding districts of greater than about 100 km 2 can distinguish unique contributions to global greenhouse gas exchange, which should influence local carbon management policies and decisions in an unprecedented manner. Results further highlight the importance of better understanding the causes and consequences of ecosystem disturbance on the global carbon cycle.
